In higher eukaryotic cells pleiomorphic compartments composed of vacuoles, tubules and vesicles move from the endoplasmic reticulum (ER) and the plasma membrane to the cell center, operating in early biosynthetic trafficking and endocytosis, respectively. Besides transporting cargo to the Golgi apparatus and lysosomes, a major task of these compartments is to promote extensive membrane recycling. The endocytic membrane system is traditionally divided into early (sorting) endosomes, late endosomes and the endocytic recycling compartment (ERC). Recent studies on the intermediate compartment (IC) between the ER and the Golgi apparatus suggest that it also consists of peripheral ("early") and centralized ("late") structures, as well as a third component, designated here as the biosynthetic recycling compartment (BRC). We propose that the ERC and the BRC exist as long-lived "mirror compartments" at the cell center that also share the ability to expand and become mobilized during cell activation. These considerations emphasize the functional symmetry of endomembrane compartments, which provides a basis for the membrane rearrangements taking place during cell division, polarization, and differentiation.
INTRODUCTION
In the primordial eukaryotic cells the secretory and endocytic pathways most likely carried out clearly distinct tasks, export and import. Subsequent increase in cell size and the development of complex endomembranes involved the diversification of the secretory and endocytic compartments and boosting of their biosynthetic and sorting functions. Thus, looking at present-day metazoan cells, the functions of these pathways seem to overlap, both contributing to the sorting and transport of lipids and proteins to their correct functional locations. Accordingly, the molecular machineries of these transport routes, including coat proteins, regulatory GTPases, fusion and tethering factors, and molecular motors, as well as the sorting signals that they recognize, share many similarities (Bonifacino and Glick, 2004) . Recent studies, providing increasing evidence for the complexity and flexibility of these pathways (Lippincott-Schwartz et al., 2000; Perret et al., 2005) , have also revealed that they establish functional connections at various branch points (Lipschutz et al., 2003; Sannerud et al., 2003; Toikkanen et al., 2003; Ellis et al., 2006) .
Regarding secretory and endocytic trafficking, a major difference between modern unicellular eukaryotes and metazoan cells is probably the requirement for extensive membrane recycling. Lower eukaryotes, like yeast, could be considered as biosynthetic machines. These small, rapidly dividing cells are equipped with an efficient secretory apparatus, but have low endocytic capacity, precluding the necessity to develop recycling organelles either between the endoplasmic reticulum (ER) and the Golgi apparatus, or between the plasma membrane (PM) and the vacuole (yeast counterpart of lysosomes). By contrast, metazoan cells have evolved in their early biosynthetic pathway a specialized membrane compartment, the so-called intermediate compartment (IC) . The existence of the IC promotes not only molecular sorting and ER-to-Golgi transport but, in particular, membrane recycling, which is vital for the maintenance of the functional integrity of the ER. Similarly, the complex endocytic system of these cells includes the endocytic recycling compartment (ERC), whose main function is the retrieval of membrane and components back to the PM.
The emerging similarities of the IC and endosomes as sorting organelles have been addressed earlier (Saraste and Kuismanen, 1992; Lippincott-Schwartz, 1993; Aridor and Balch, 1996; Warren and Mellman, 1999) . However, recent work on the IC has provided new insight on the spatial and functional organization of this compartment. Similarly, the endosomal recycling apparatus turns out to be functionally more complex than has been previously thought. For example, in addition to membrane recycling the ERC is involved in the biogenesis of specialized compartments and the mobilization of endomembranes in response to various stimuli (Maxfield and McGraw, 2004; van Ijzendoorn, 2006) . On the basis of these developments, we compare here ER-Golgi trafficking and endocytosis, with particular emphasis on the emerging similarities between the ERC and a newly identified, tubular subcompartment of the IC.
MEMBRANE RECYCLING IN THE ENDOCYTIC PATHWAY
It is outside the scope of this review to give a detailed account of the complexity of the endocytic pathway (the reader is referred to a number of excellent reviews : Mellman, 1996; Conner and Schmid, 2003; Maxfield and McGraw, 2004; Perret This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E06 -10 -0933) on January 31, 2007 Roth, 2006) , and we discuss only some of its features here. The endosomal system is classically divided into three main compartments: the early (sorting) endosomes and the late endosomes (or multivesicular bodies) that give rise to lysosomes, and the ERC (Figure 1 ). Because it has been estimated that the membrane surface engaged in endocytic trafficking exceeds the rate of membrane biosynthesis by 10-fold, it can be concluded that a major task of this system is in fact membrane recycling rather than delivery to lysosomes (Griffiths et al., 1989) . Membrane retrieval most likely occurs from all three endosomal compartments.
Early endosomes that are formed by the coalescence of primary endocytic vesicles-and/or fusion of these vesicles with pre-existing compartments-consist of vacuolar and tubular subdomains (Mellman, 1996) . The majority of the internalized receptors, such as the transferrin receptor, are recycled to the PM from this site (Hao and Maxfield, 2000; Sheff et al., 2002) . As the surface area-to-volume ratio of the tubular domain is greater than that of the vacuolar domain, the tubules preferentially sort membrane components from soluble molecules. This geometry-based sorting has been well documented in the case of receptor-mediated endocytosis (see Roth, 2006 and references therein) . It results in efficient partitioning of soluble ligands to a vacuolar pathway that leads via late endosomes to lysosomes, whereas membrane-bound receptors are sorted to the narrow tubules and recycled back to the cell surface. On top of this geometry-based device, additional mechanisms such as membrane-bound coat complexes contribute to the efficiency of the sorting process.
The ERC consists of an extensive network of narrowdiameter tubules, whereas both early and late endosomes are more vacuolar in appearance (Hopkins, 1983; Yamashiro et al., 1984) . Depending on the cell type, it is predominantly found in the pericentriolar region or, in addition, dispersed into distinct foci throughout the cytoplasm (Ullrich et al., 1996; Casanova et al., 1999; Wilcke et al., 2000) . The ERC has the potential to sort molecules to different destinations, such as the trans-Golgi network (Wilcke et al., 2000) , but its best characterized function is the recycling of membrane back to the PM. Interestingly, cytoplasts are able to regenerate ERClike structures (Sheff et al., 2002) , implying that this compartment is highly dynamic and can be formed or expanded to fulfill the requirements for membrane recycling.
A "NEW" VIEW OF THE IC
Compared with the endocytic route, the boundaries between the compartments of the early biosynthetic pathway have remained less well defined. This is largely due to the enigmatic nature of the IC mediating communication between the ER and the Golgi apparatus (Saraste and Kuismanen, 1992; Appenzeller-Herzog and Hauri, 2006) . The IC was originally described as large vacuoles (up to 1 m in diameter) containing cargo proteins en route from the ER to the Golgi apparatus (Saraste and Kuismanen, 1984; Kuismanen and Saraste, 1989) . Subsequent studies have verified these observations (Ying et al., 2000; Horstmann et al., 2002; Fan et al., 2003; Mironov et al., 2003) , but also shown that cargo proteins at the ER-Golgi boundary are localized to vesicular-tubular clusters (VTCs; Balch et al., 1994 , MartinezMenarguez et al., 1999 . However, the relationship between the pre-Golgi vacuoles and the VTCs has remained unclear. One possibility, suggested by studies employing live cell imaging, is that the VTCs represent (or contain) the nascent IC elements that reside temporarily close to ER exit sites (ERES), whereas the vacuoles correspond to the large, mobile structures that migrate from the stationary ERES to the central Golgi region (Presley et al., 1997; Scales et al., 1997; Mironov et al., 2003; Sannerud et al., 2006) . Namely, the IC elements forming close to the widely distributed ERES are concentrated in the Golgi region by a microtubule-depen- Figure 1 . Models for early biosynthetic and endocytic trafficking in nonpolarized (A) and polarized (B) cells. ER-to-Golgi and PM-to-lysosome transport are topologically similar, both involving the centripetal movements of pleiomorphic compartments toward the cell center (black arrows). This centralization takes place along microtubules (green) and provides a basis for the classification of IC elements and endosomes into peripheral/early and central/late structures that, in addition to their cellular location, also differ in age and composition. Consequently, tubular components of the IC and endosomes also accumulate at the cell center, in the region close to the centrosomes (red), generating the BRC and the ERC, long-lived compartments that are involved in the recycling of membrane back to the ER and PM, respectively (gray arrows). The polarization of cells due to differentiation or activation by external cues (B) involves the expansion and mobilization of these tubular compartments, and the centrifugal, microtubule-based movement of BRC-and ERC-derived tubules toward one pole of the cell, such as the leading edge of a migrating fibroblast.
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Vol. 18, April 2007dent process (Saraste and Svensson, 1991; Presley et al., 1997; Scales et al., 1997) . The microtubule-based, long-distance movement of the large pre-Golgi structures across the viscous cytoplasm is associated with a shape change from vacuolar to elongated (Presley et al., 2002; Sannerud et al., 2006) . Supporting the above model, it has been reported that the IC consists of two kinetically distinct "early" and "late" components, which besides their overall cellular location and relation with the Golgi, also differ in composition (Marra et al., 2001) . Additional evidence for a late IC compartment, located at the entry side of Golgi stacks, has been obtained by electron microscopic tomography (Ladinsky et al., 1999) . Thus, in topological terms the IC can be compared with endosomes that based on their microtubule-dependent movements can be divided into peripheral (early) and more centrally located (late) structures (Mellman, 1996 ; Figure 1 ).
There are also apparent similarities in the sorting mechanisms that take place in the early IC and sorting endosomes. The peripheral IC elements acquire membrane-bound COPI (coat protein I) coats (Shima et al., 1999; Stephens et al., 2000; Presley et al., 2002) , which may play multiple roles in these structures. They appear to contribute to the maturation of the IC elements into transport-competent structures (Bonifacino and Lippincott-Schwartz, 2003) and facilitate the recycling of selected proteins, such as the cargo receptor ERGIC-53/p58, back to the ER (Letourneur et al., 1994; Klumperman et al., 1998; Lee et al., 2004) . More specifically, COPI coats may be involved in the formation of membrane subdomains within the IC, in analogy to the bilayered clathrin coats that associate with sorting endosomes (Sachse et al., 2002) . The binding of these coats is probably important for the retention of ERGIC-53/p58 in the vacuolar portion of the IC, because their disassembly by brefeldin A leads to missorting of the protein to a tubular domain (Sannerud et al., 2006; see below) . Similar missorting of ERGIC-53/p58 takes place when the lumen of the IC is neutralized (Palokangas et al., 1998) . Interestingly, COPI coats have also been implicated in molecular sorting within the early endosomes (Guo et al., 1994; Whitney et al., 1995; Aniento et al., 1996) , where their function seems to be regulated by endosomal acidification (Gu and Gruenberg, 2000) .
Forward membrane flow at the ER-Golgi boundary must be counteracted by extensive membrane recycling to maintain the biosynthetic functions of the ER (Martinez-Menarguez et al., 1999; Sannerud et al., 2003) . In addition, newly synthesized cargo en route to the Golgi and post-Golgi locations must be efficiently segregated from resident ER components, which are retrieved back to ER (Pelham, 1989; Martinez-Menarguez et al., 1999) . A third analogy between ER-Golgi trafficking and endocytosis is illustrated by recent studies revealing that the IC also includes a tubular component with striking resemblance to endosomal tubules. This domain of the IC could be the functional counterpart of the ERC. Namely, the pre-Golgi tubules, which are enriched in the GTPase Rab1, are largely devoid of secretory cargo, suggesting that they operate in retrograde transport at the ER-Golgi boundary (Palokangas et al., 1998) . Live cell imaging employing fluorescent Rab1 showed that these narrow-diameter tubules emerge from the vacuolar domains of the IC and move in retrograde direction toward the ERES, providing additional evidence for their function in membrane recycling (Sannerud et al., 2006;  Figure 1 ). The separation of the IC into vacuolar and tubular subdomains can also be seen at the cellular level, as shown by our studies of polarized PC12 cells (Sannerud et al., 2006) . Because of the properties of the tubules and their resemblance to the ERC, we propose the term biosynthetic recycling compartment (BRC) to describe this domain of the IC.
ERC AND BRC: PLASTICITY AND FUNCTIONAL DIVERSITY
Eukaryotic cells have the remarkable capacity to mobilize or reorganize their endomembrane compartments during various cellular responses. This organelle plasticity is an essential part of many activation processes, and is required, e.g., during cell motility, polarization, and differentiation (Singer and Kupfer, 1986; Nabi, 1999; Lecuit and Pilot, 2003) . It is noteworthy that these membrane rearrangements primarily involve the proliferation of tubular domains of organelles. Because activation often involves the delivery of membranes to specific regions of the cell, it requires a source that can be rapidly mobilized and expanded. Dynamic tubular compartments, like ERC and BRC, appear to qualify as such membrane reservoirs.
Mobilization of ERC and BRC
The expansion and microtubule-based mobilization of the ERC has been shown to occur in a number of situations involving cell activation (van Ijzendoorn, 2006) . For example, movement of membranes from the pericentriolar ERC to the leading lamella takes place in motile fibroblasts (Hopkins et al., 1994) . Phagocytosis, a process that requires the recruitment of endomembranes to the nascent phagosome, provides another example of a cellular activation process that involves the mobilization of ERC-derived tubules (Jutras and Desjardins, 2005) .
In addition, there are several examples of cell types, in which ERC-derived membranes can be used for the buildup of specialized internal compartments. For instance, Birbeck granules, rod-shaped structures specific to epidermal Langerhans cells, which may be involved in antigen presentation, appear to be derived from subdomains of the ERC (McDermott et al., 2002) . The vesicular compartment of adipocytes and cardiomyocytes, containing the glucose transporter GLUT4, also seems to be generated from the ERC (Zeigerer et al., 2002; Uhlig et al., 2005) . A further example is the subapical recycling compartment found in epithelial cells. This compartment that plays a key role in the biogenesis and maintenance of the apical and basolateral domains of the polarized cells is located at the crossroads of several intracellular transport pathways (Hoekstra et al., 2004; Ellis et al., 2006) .
It now seems evident that the IC can also expand and become mobilized during cell activation or differentiation. Interestingly, the Rab1-positive pre-Golgi tubules move to the neurites of the polarized PC12 cells (Sannerud et al., 2006) , indicating that the BRC is capable of expansion and functional specialization. An important observation is that the tubules that are devoid of anterograde markers contain HMG-CoA-reductase, a key enzyme of cholesterol biosynthesis, as well as other ER proteins (BiP and calreticulin), suggesting that they correspond to smooth ER (SER; Sannerud et al., 2006; unpublished results) . These dynamic tubules segregating from the vacuolar parts of the IC can thus be functionally uncoupled from ER-Golgi trafficking to create a Golgi-bypass pathway that connects the IC with cell periphery (Sannerud et al., 2006) . Already in the 1970s neuronal SER was visualized by heavy metal impregnation as a continuous tubular network extending from the cell body to the axon terminals and establishing close contacts with the axonal PM. Autoradiographic studies further suggested that the SER establishes a direct pathway for fast axonal transport of membrane-bound components, such as phospholip-ids and glycoproteins, between RER in the cell body and PM of the axon (see Rambourg and Droz, 1980 and references therein) .
The BRC is also mobilized in migrating cells, radiating tubules to the pseudopodia or the leading lamella (Sannerud et al., 2006; Dale, Marie, and Saraste, unpublished results) . Phagocytosis provides another example of a situation that may involve the mobilization of the BRC. First, engulfment of large particles by macrophages depends on the function of Sec22b/ERS-24 (Becker et al., 2005) , a fusion protein (SNARE) that is specifically enriched in the IC (Zhang et al., 1999) . Another ER/IC-localized SNARE, syntaxin 18, has also been implicated in this process (Hatsuzawa et al., 2006) . Second, IC membranes participate in the formation of phagocytic vacuoles containing internalized intracellular pathogens, such as Legionella and Chlamydia (Kagan and Roy, 2002; Rzomp et al., 2003) . Rapid recruitment of Sec22b and Rab1 to Legionella-containing vacuoles (Derre and Isberg, 2004; Kagan et al., 2004) suggests the involvement of BRC-derived tubules. Similarly, mobilization of SER membranes has been implicated in phagocytosis (Stendahl et al., 1994; Jutras and Desjardins, 2005) .
Role of Rab1 and Rab11
The molecular mechanisms underlying the expansion and mobilization of the ERC and BRC remain largely unknown. However, the two GTPases of the Rab family, Rab1 and Rab11, appear as key players in these events. Based on the general model suggesting that Rab GTPases bring lipids and proteins together to determine the properties of organelle membranes (Zerial and McBride, 2001; Munro, 2004) , the BRC and ERC could be defined by Rab1 and Rab11, respectively. Accordingly, in addition to its established role in endocytic recycling, Rab11 appears to be directly involved in the biogenesis and maintenance of specialized ERC-derived compartments. For example, it seems to play a direct role in the biogenesis of Birbeck granules in Langerhans cells (UzanGafsou, Bausinger, Proamer, Monier, Lipsker, Cazenave, Goud, de la Salle, Salamero, and Hanau, unpublished results). Rab11 is also required for the formation of bile canaliculi in liver cells (Wakabayashi et al., 2005) , GLUT-4 containing vesicles in adipocytes (Zeigerer et al., 2002) , and the subapical recycling compartment in epithelial cells (Casanova et al., 1999) . The role of Rab1 in the BRC requires further investigation. Evidence exists that Rab1 is required for ER-to-Golgi transport (Tisdale et al., 1992; Nuoffer et al., 1994) but, as discussed above, it could as well function in membrane recycling. Moreover, in analogy to Rab11, Rab1 can be involved in the formation a specialized tubular compartment derived from the BRC, as illustrated by the studies of differentiating PC12 cells (Sannerud et al., 2006) . By coordinating input from several compartments, Rab proteins could be ideal candidates for modulating the plasticity and expansion of pre-existing membrane entities. For example, Rab11 participates in the rapid mobilization of ERC membranes to the nascent phagosome (Cox et al., 2000; Murray et al., 2005) and has been recently shown to be involved in neurite outgrowth by regulating membrane trafficking through its interaction with protrudin (Shirane and Nakayama, 2006) . As it is well established that Rab proteins can interact directly or indirectly with microtubule-or actinbased motors (Goud, 2002; Grosshans et al., 2006) , expansion of the ERC and BRC is likely to be mediated by motors that interact with Rab1 and Rab11. Myosin Vb has been characterized as one of the effectors of Rab11 (Lapierre et al., 2001) , whereas the motors that associate with Rab1 remain to be identified. Finally, there is evidence that Rab proteins associate with the tubular domains of both endocytic and secretory compartments (Klumperman et al., 1993; Palokangas et al., 1998; Weigert et al., 2004; Hattula et al., 2006; Sannerud et al., 2006) , besides binding to the vacuolar domains. Other Ras-like GTPases are able to directly induce the formation of tubules, such as Sar1 at ERES (Aridor et al., 2001) , and Arl1, a member of the Arf family, in the Golgi (Lu et al., 2001) . Whether Rab proteins also have this capacity requires further investigation.
ERC AND BRC: MIRROR COMPARTMENTS?
We have seen that endosomes and the IC are pleiomorphic compartments whose major function is membrane sorting for anterograde and, especially, retrograde (recycling) purposes. They may use common mechanisms, including geometry-based sorting, coat proteins and Rab GTPases to generate distinct sorting domains. In analogy to endosomes that can be divided into three compartments: early (sorting) and late endosomes and the ERC, we propose that the IC is similarly composed of three domains, peripheral/early, centralized/late, and the BRC. It is then possible to outline a simplified map that highlights the functional symmetry of the IC and the endosomal system (Figure 1 ). In this topological context the BRC and ERC occupy equivalent positions and could be considered as mirror compartments. In nonpolarized (stationary) cells, these tubular compartments, like the Golgi (Rios and Bornens, 2003) , are typically localized to the cell center, most likely because of the microtubule-based centralization of the pre-Golgi elements and endosomes ( Figure 1A) . Generally, the centralization of endomembrane compartments most likely favors the establishment of gradients and the integration of signaling events between the periphery of the cell and its center. In the case of BRC and ERC, it may also be required for the regulated mobilization of these compartments upon cell activation, for example during the delivery of membranes to the leading lamella of motile cells ( Figure 1B) . Moreover, it may be necessary for the concerted reorganization of these compartments during cell division, polarization, and differentiation. This topological symmetry also suggests that the biosynthetic and endocytic pathways developed synergistically during the evolution of complex endomembranes. The apparent cooperation of pre-Golgi membranes and endosomes during phagocytosis is an indication such early interactions.
The similar positioning of the BRC and ERC at the cell center and their comparable dynamics during cell activation and polarization (Figure 1 ) set the stage for their functional connection. The establishment of close contacts between them could promote nonvesicular exchange of ions and small molecules, such as lipids (Levine, 2004) . Furthermore, the emerging role of the ERC as a common sorting site along the endocytic and secretory pathways provides a precedent for their possible communication via membrane traffic. Namely, recent studies of polarized epithelial cells have shown that the ERC can operate as a way station in biosynthetic protein transport from the Golgi to the PM (Ang et al., 2004; Lock and Stow, 2005; Murray et al., 2005) . There is also increasing evidence that the sorting of selected proteins destined to the different PM domains is initiated at pre-Golgi locations (Alfalah et al., 2005; Tveit et al., 2005; Ellis et al., 2006) . Further, experiments with both yeast and mammalian cells have revealed that the sorting of proteins can take place at or close to their exit from the ER (Bagnat et al., 2000; Watanabe and Riezman, 2004) . If such pre-Golgi sorting events coincided with the segregation of specific cargo to IC tubules, they could lead to the use of an alternative pathway distinct from the traditional route via trans-Golgi, involving direct communication between the BRC and ERC.
In addition to delivering membranes, the ERC and BRC could transport mRNA between central and peripheral parts of the cell. Namely, recent studies have shown that mRNA transport and membrane traffic are coupled events, implicating the Rab11-positive ERC both in the localization of viral RNA and the transport of mRNA in Drosophila (Cohen, 2005) . Moreover, work with yeast Saccharomyces cerevisiae has revealed a functional connection between mRNA transport and ER-Golgi trafficking (Trautwein et al., 2004) , as well as a link between mRNA localization, cortical ER, and local protein synthesis (Jü schke et al., 2004) . Interestingly, selected yeast proteins appear to utilize a novel, Sec18-independent pathway to gain access from the cortical ER to the PM (Jü schke et al., 2005) . Based on the properties of the BRC and ERC discussed above, it is tempting to speculate that these dynamic tubular compartments could be involved in the corresponding events in mammalian cells.
In conclusion, studies carried out during the last decade or so have begun to reveal the extraordinary dynamics of membrane compartments and the communication pathways that connect them. One outcome has been the recognition that these dynamic events are not incidental, but organized according to distinct topological rules. To understand cellular physiology, the challenge for the future is to integrate our knowledge of molecular events with a combined picture of cell dynamics and global organization.
